Single-crystalline cobalt silicide/SiO x nanocables have been grown on Co thin films on an SiO 2 layer by a self-catalysis process via vapor-liquid-solid mechanism. The nanocables consist of a core of CoSi nanowires and a silicon oxide shell with a length of several tens of micrometers. In the confined space in the oxide shell, the CoSi phase is stable and free from agglomeration in samples annealed in air ambient at 900
Introduction
At the present time in nanotechnology, one-dimensional nanocable heterostructures have drawn a great deal of research attention for their synthesis, formation mechanisms, properties and applications [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . Meanwhile, a large number of epitaxial silicide nanowires (NWs) have been investigated due to their low resistivity, physical properties and excellent compatibility with silicon device processing [11] [12] [13] [14] [15] [16] [17] . With the advances in nanoelectronics, the synthesis and properties of free-standing silicide NWs and semiconductor/silicide heterostructures have received increasing attention [18] [19] [20] [21] [22] [23] . The research on silicide NWs has been extended to a prosperous field on the magnetic, thermoelectric and field emission properties. The strategy of using the vapor transport method has been proved to be an effective approach to grow a variety of silicide phases. The success also opens up great opportunities to probe the physical properties in single-crystal form as well as to assess the size-dependent effects.
In other words, the critical issue of whether 1 Author to whom any correspondence should be addressed.
the properties of nanoscale silicides are varied with their dimension may be solved. Wu et al found that singlecrystal and defect-free NiSi NWs have ideal resistivities and remarkably high failure current densities [11] . Lin and Higgins et al paid attention to the magnetic properties of the MnSi nanowires [24, 25] . Among these research results on silicide NWs, CoSi NWs has exhibited unusual magnetic properties and an electrical characteristic on resistivity [26] [27] [28] . In their reports, ferromagnetic NWs have great potential applications in future nanospintronics combined with the Si IC technology because of its compatibility. A previous report showed that the resistivity of the CoSi thin film on a (001)Si substrate and the bulk single-crystal CoSi is 350 and 180 μ cm, respectively [29, 30] . On the other hand, CoSi NWs were found to possess a resistivity ranging from 126.5 to 510 μ cm. In this paper single-crystalline CoSi/SiO x nanocables (NCs) were grown on Co films on SiO 2 by a feasible method. The resistivity of CoSi NWs was measured to be about 325 μ cm. The CoSi/SiO x NCs were found to be thermally stable, converted to Co 2 SiO 4 and Co oxide NWs, respectively, after being annealed at 900, 1000 and 1100
• C in air ambient for 1 h. Analogous to the bulk cables, conducting CoSi NWs with protective SiO x shells may find applications as interconnects and magnetic units in nanoelectronic devices.
Experimental procedures

Synthesis of cobalt silicide nanocables
Single-crystalline CoSi NCs were grown in the two-zone furnace (figure 1) with a designed process. (001)-oriented single-crystal silicon wafers with a resistivity of 1-30 cm were used as substrates. The wafer was cleaned by a standard RCA process followed by dilute HF dipping and then loaded into an electron beam evaporation system. An Au film of 2 nm in thickness was deposited on the Si substrates in a vacuum of 6 × 10 −5 Torr. Au and Si would form an Au-Si eutectic alloy at high temperature and serves as a source of Si vapor. 500 nm thick Co was sputtered on the thermally grown SiO 2 wafer. During the growth, these two substrates were placed face to face in a vacuum furnace with a base pressure better than 10 −2 Torr. The samples with 500 nm thick Co were placed on the underside and the Si substrate coated with 2 nm Au was placed on the top. The furnace was pumped prior to the sealing off at both ends. The temperature of the system was raised from room temperature to 1100
• C and held at that temperature for 1 h. After the treatment, the furnace was cooled down to room temperature and the pressure of the chamber was 5 Torr.
Heat treatment of the nanocables
The heat treatment of the as-grown samples was conducted in a diffusion furnace at atmospheric pressure at various temperatures. CoSi NWs without the oxide shell were also conducted for comparison.
Characterizations and electrical property measurement
A field emission scanning electron microscope (FESEM) was used to examine the grown products and a JEOL-2010 transmission electron microscope (TEM) equipped with an energy dispersive spectrometer (EDS) was used to investigate the microstructures and to determine the compositions of the samples. A Keithley 4200 was used to measure the electrical properties of the CoSi NWs. shows the tip of the NC. There is a nanoparticle at the tip of the 100 nm diameter NC. EDS data, as shown in figure 2(f), indicate that the shell of the NC and the catalyst are composed of (Si, O) and Co, respectively. The presence of a catalytic Co particle at the tip indicates that the CoSi NWs were grown via a vapor-liquid-solid (VLS) mechanism through a self-catalysis process [31, 32] .
Results and discussion
CoSi NWs were obtained by the removal of the outer shell oxide by dipping in a dilute HF solution. From the comparison of the SEM images in figures 3(a) and 2(b), the oxide NWs on the cobalt islands can be removed. Figures 3(b) and (c) show that CoSi NWs are grown from the Co islands and even across two islands to form interconnects. The TEM image of the NW without the oxide shell in figure 3(d) and the inset electron diffraction pattern in figure 3(e) indicate that the growth direction is along [111] . The high resolution TEM image of the NW is shown in figure 3(e) , where a CoSi nanowire of high crystallinity can be seen after the removal of the oxide; the outer amorphous region is a carbon film on the Cu grid as sample support. If the period for sonication was long enough, some small Co islands could be removed, as shown in figure 3(f) . The as-grown CoSi NCs were annealed in a diffusion furnace in air ambient at various temperatures for 1 h. If the samples were annealed at or below 900
• C, the NCs maintain the morphology and the composition of the core was the same.
It means that the oxide shell protects the CoSi core from oxidation and agglomeration. In contrast, severe oxidation occurred for CoSi nanowires without an oxide shell exposed in air at 500
• C. The results indicate that the silicide core/oxide shell structure is important for wire protection and composition stability in the VLSI thermal processes. If the samples were annealed at 1000
• C for 1 h, a new silicate NW appeared. CoSi NCs were found to transform to orthorhombic Co 2 SiO 4 at 1000
• C of annealing. The TEM image of the silicate NW with HF dipping for the removal of the oxide shell and the corresponding diffraction pattern are shown in figures 4(a) and (b), respectively. The high resolution TEM image after filtering of the noise is shown in figure 4(c) . This result demonstrates that the silicate compound, which is composed of cobalt, silicon and oxygen, can be achieved in the presence of an oxide shell. This also suggests that single-crystal silicate NWs can be obtained by the transformation of the silicide NCs. If the samples were annealed at 1100
• C for 1 h, the CoSi core would have been destroyed. Figure 4(d) shows the TEM image of the annealed sample. The NW became polycrystalline with rough surfaces. This demonstrates that oxygen in the furnace could break through the shell oxide and react with the core severely. Figure 4 (e) is the high magnification TEM image of figure 4(d) . The diameter of the nanocrystals within is about 5-10 nm in size. The EDS spectrum in figure 4(f) shows the composition has changed to cobalt oxide.
The electrical properties of samples were measured with a Keithley 4200 multi-probe electrical measurement system attached to a JEOL-7000 FESEM. Pt was deposited as the contact metal in a focused-ion-beam (FIB) system. Before loaded into the chamber, the sample was dipped in a dilute HF solution to etch the oxide shell and was processed by sonication to remove some of the NWs. After two tungsten probes touched the contact pads, the I -V curves were obtained from the two probes [33] . The linear behavior of the I -V measurement, as shown in figure 5(a) , at room temperature confirms the contacts between the electrodes and NWs are ohmic. In addition, the metallic CoSi NWs were measured to possess a resistivity of about 326 μ cm, which is close to its thin film counterpart. The durability and reliability of the NWs were tested by applying high voltages. The I -V plot is shown in figure 5(b) . The NW can endure a current up to 3.03 mA at 7.5 V and a maximum current density (J max ) of 1.6 × 10 8 A cm −2 was estimated, as shown in figure 5(b) . The high J max is comparable to that reported for the NiSi NWs (3 × 10 8 A cm −2 ). For the previous work on the thin film resistivity with an average grain size of about 60 nm, there were more than 20 000 grain boundaries between the two probes with a spacing of about 0.16 cm. The high resistivity measured for a thin film (350 μ cm) may be attributed to the presence of grain boundaries while the CoSi NWs (326 μ cm) produced in the present study may be attributed to the contact resistance or NW surfaces. Based on all the experimental results, the inner CoSi can maintain good structural stability even at high temperatures. On the other hand, it has been demonstrated that, as the oxide is removed, the resistivity would be similar to that of CoSi NWs. Additionally, for NCs different from NWs in the structure, the oxide shell of NCs is also important in the applications in nanoelectronics, playing a different role in nanodevices. However, with the synthesis method here, both CoSi NWs and NCs can be efficiently obtained.
From the presence of Co particles at the tip of the CoSi NWs, it can be inferred that the CoSi NWs were grown via a VLS mechanism through a self-catalysis process. Meanwhile, these silicon oxide NWs on the Co islands indicated that silicon NWs were grown on the Co islands and then oxidized by the residual oxygen. Also, the existence of the SiO 2 NWs shows that the residual oxygen and Si vapor supplied from the Aucoated substrate were the key components during the growth. Without Au, there would not have been enough Si vapor for the formation of the SiO 2 shell. From the configuration of the NCs, the pathways of the growth of NCs are as follows, First, the Si vapor from Au-Si eutectic alloys reacts with the residual oxygen and/or the exposed SiO 2 surface to form SiO vapor:
and/or Si + SiO 2 → 2SiO (vapor).
The SiO vapor is then attached to the Co islands, via the VLS mechanism. Through self-catalysis, the NCs are grown:
In the reactions between Co thin films and Si, CoSi forms at about 400
• C, and is transformed to CoSi 2 at higher temperatures. In the present investigation, SiO vapor reacts with Co islands to grow CoSi/SiO x NCs. The silicon oxide shell serves to protect CoSi from agglomeration at a temperature as high as 1100
• C in vacuum [34] . In air ambient, the shell could also keep the core intact even after annealing at 900
• C. The high stability of the core-shell structure should be advantageous for applications as interconnects and magnetic units in nanoelectronics devices.
Conclusions
In conclusion, single-crystalline CoSi/oxide NCs have been synthesized by a VLS mechanism and Co self-catalysis. The shell of the NC consists of amorphous silicon oxide and the inner core is pure CoSi NW. The oxide shell can protect the wire from deterioration. The electrical properties of the CoSi NWs have been measured and the maximum current density has been found to be more than 10 8 A cm −2 . The growth mechanism of the CoSi NCs is attributed to the selfcatalytic VLS mechanism. The Co 2 SiO 4 silicate compound was achieved in the presence of an oxide shell. This result implies that the silicate NWs can be obtained by oxide coating and thermal annealing of silicide NWs. With these outstanding properties of the CoSi NCs and the potential applications of magnetic CoSi NWs in Si-based spintronics, we propose that the silicide core/oxide shell structure may play a crucial role as silicate, interconnects and magnetic units in nanoelectronics.
